We have studied the activation of the serum albumin promoter by transcription factor CCAAT/enhancer binding protein-a (C/EBPa) in the HepG2 hepatoma cell line. We find that three distinct mechanisms determine the ability of C/EBPa to activate this promoter in a cell-type-specific and cooperative manner. First, the trans-activating function of C/EBPa is generated through cooperation between three separate domains of the protein that we have named trans-activation elements (TE-I through TE-III). The TEs have little or no ability to activate transcription by themselves, but any two can cooperate to do so, both in the C/£BPa protein and when linked to the GAL4 DNA-binding domain. Second, TE-III was found to contain a negative regulatory subdomain, the function of which was alleviated when C/EBPa was bound in the environment of the albumin promoter. This formed the basis for cooperative activation of this promoter by C/EBPa. Finally, we demonstrate that the leucine zipper of C/EBPa participates in determining the cell type specificity of albumin promoter activation, as it exerts a strong negative effect on albumin promoter activation in the nonhepatic HeLa cell line but not in HepG2 cells. These findings shed new light on the mode of action of C/EBPa and show a novel function for a leucine zipper in cell-type-specific gene expression.
The process by which transcription factors interact to regulate gene expression is of fundamental importance for the process of cellular differentiation, the basic principle in the generation of multicellular organisms. Although critical components of the transcriptional apparatus have been cloned and characterized, little is known about the mechanisms by which regulatory proteins determine the transcription rate of their target promoters. Such understanding will require precise definition of the activating functions of distal transcription factors and the mechanisms by which they interact with each other and with components of the basal transcriptional machinery.
One model system for the study of differentiation-specific activation of gene expression is provided by the CCAAT/enhancer binding protein-a (C/EBPa) transcription factor. C/EBPa is a member of the basic regionleucine zipper class of transcription factors. It was originally purified and cloned as a nuclear factor, enriched in liver cells, that had the ability to bind promoters, such as the albumin and hepatitis B virus promoters, specific for 'Conesponding author. this tissue (Jofmson et al. 1987; Landschulz et al. 1988) . It is abundant in liver and adipose tissues (Birkenmeier et al. 1989 ) and will bind to and activate transcription from several liver-and adipose-specific promoters including those of aP2-422, SCDl, GLUT4, serum albumin, and C/EBPa itself (Christy et al. 1989 (Christy et al. , 1991 Friedman et al. 1990; Kaestner et al. 1989; C. Nerlov and E.B. Ziff, unpubl.) . C/EBPa is largely confined to terminally differentiated, nonproliferating cells (Birkenmeier et al. 1989) ; ectopic expression of C/EBPa in certain cell types is sufficient to induce growth arrest (Umek et al. 1991; Oliviero et al. 1992) . Furthermore, antisense inhibition of C/EBPa mRNA will prevent in vitro differentiation of 3T3-422A and 3T3-L1 pre-adipocytes (Samuelsson et al. 1991; Lin and Lane 1992) . C/EBPa is thus clearly involved in the process of cellular differentiation at the level of transcription. However, because adipocytes and hepatocytes express largely nonoverlapping differentiated functions, additional levels of regulation must determine which C/EBPa target genes are actually expressed in each cell type. C/EBP-related proteins require cooperation with the NF-Y transcription factor for maximal activation of the liver-specific albumin promoter in vitro Milos and Zaret 1992) . Fur-C/EBPa function on albumin promotei thermore, C/EBPa is a stronger activator of the albumin promoter in the liver-derived HepG2 hepatoma cell line than in the nonhepatic L and HeLa cell lines (Friedman et al. 1989; Williams et al. 1991) . These results suggest cell-type-specific cooperation with other transcription factors as a basis for differential activation of genes by C/EBPa in different cell types. Alternatively C/EBPa may contain activation domains that ftmction in a celltype-specific maimer.
The transcription activation function of C/EBPa requires the amino-terminal part of the C/EBPa molecule (Friedman and McKnight 1990) ; whereas the DNA-binding basic region-leucine zipper motif resides in its carboxyl terminus . Mutational analysis of the C/EBPa protein has revealed two regions of the protein that are involved in activation of transcription from the albumin promoter in hepatoma cells (Friedman and McKnight 1990) . However, the amino acid motifs responsible for the activity of these domains have not been delineated. A clue to the identity of one amino acid motif involved in C/EBPa trans-activation was obtained by the finding that a homology existed between the amino-terminal C/EBPa trans-activation domain and the c-Jun and c-Fos HOB2 motifs. A segment of C/EBPa containing this homology was able to substitute for c-Jim HOB2 in an assay measuring cooperation with the c-Jun HOBl motif (Sutherland et al. 1992) . Whether the C/EBPa HOB2 homology is sufficient for this cooperation is still not clear.
We have analyzed the C/EBPa protein with respect to (1) the functional organization of its trans-activation domain, (2) its ability to activate cooperatively the albumin promoter, and (3) the cell type specificity of this cooperative activation. We present evidence that the C/EBPa trans-activation domain contains three separable transactivation elements (TE-I, TE-II, and TE-III) that can cooperate with one another to generate trans-activation domains both in the context of the C/EBPa protein and when fused to the GAL4 DNA-binding domain. We have mapped the amino acid motifs required for the function of TE-II and TE-IU. We have also found that TE-III contains a negative regulatory domain, the function of which is alleviated when C/EBPa is bound to the albumin promoter. This forms the basis of cooperative activation of this promoter by C/EBPa. Furthermore, we have found that the cell type specificity of activation of the albumin promoter by C/EBPa is determined, to a large extent, by its leucine zipper, which appears to have a negative regulatory function in the context of the albumin promoter that is especially pronounced in the nonhepatic HeLa cell line compared with HepG2 hepatoma cells.
Results

The C/EBPa trans-activation domain contains three independent trans-activation elements
We initially performed a 5' deletion analysis of the C/EBPa trans-activation domain (Fig. I A) . In this as well as the following intemal deletion analysis, deletion endpoints were located, whenever possible, at or near the position of proline residues to minimize the possibility of interrupting a secondary structure (a-helix or p-strand), an approach similar to that used by Friedman and McKnight (1990) . Wild-type and various amino-terminally deleted versions of C/EBPa were expressed from the cytomegalovirus (CMV) promoter in transient transfection assays in HepG2 hepatoma cells. We used the albumin proximal promoter linked to the chloramphenicol acetyltransferase (CAT) gene as target promoter (Mueller et al. 1990 ); this promoter is strongly activated by C/EBPa in HepG2 cells (Friedman et al. 1989) . In this assay, deletion of the amino-terminal 70 amino acids (mutant Dl-70) reduces the activity of the protein to -50% of the wild-type level. The remaining activity is essentially abolished by additional removal of amino acids 71-97, leaving only 5% of the wild-type activity. This identified amino acids 71-97 as important for transcriptional activation and suggested that amino acids 1-70 played a role as well. Similar analysis using intemal deletions showed no significant reduction of trans-activation by deletion of amino acids 200-257 (Fig. 2) . Removal of amino acids 126-200, however, led to a threefold reduction of trans-activation. Further 3' deletion showed little additional effect of removing amino acids 97-200; however, once amino acids 70-200 were deleted in mutant D70-200, all activity was lost. Thus, in this analysis, amino acids 70-96 appeared to be of critical importance for activity and amino acids 126-200 to play an auxiliary role. In these, as well as in all of the following experiments, the expression level of the C/EBPa derivatives was controlled by Western blotting, and it was found that all mutants were expressed at similar levels. Furthermore, all C/EBPa mutants were found by immunocytochemistry to be localized to the nuclei of transfected cells (see Figs. 3C and 8C, below, for representative data). When amino acids 70-97 were internally deleted the resulting protein still activated transcription with -50% of wild-type efficiency (Fig. 3A) ; this domain therefore is only critical for activity once either additional amino-or carboxy-terminal sequences are deleted. The two auxiliary domains, amino acids 1-70 and amino acids 126-200, thus are able to maintain high trans-activation in the absence of amino acids 70-97, raising the possibility that three redundant elements, any two of which are sufficient for high (35-50% of wild type) activity, exist in C/EBPa. A prediction by this hypothesis is that simultaneous deletion of amino acids 1-70 and 126-200 would lead to an inactive protein, and this was found to be the case (Dl-70, D126-200; Fig. 3A ). This analysis therefore leads to a model in which three independent elements (amino acids 1-70, 71-97, and 126-200) exist in C/EBPa. None of these is sufficient to generate an active transcription factor, but any combination of the two will. In the following text we call the inactive subunits transactivation elements (TE-I through TE-III) to distinguish them from trans-activation domains, which by this definition have trans-activating activity by themselves. The term trans-activation motif will be used to designate a Figure 2 . Internal deletion analysis of C/EBPa. HepG2 cells were transfected as described in Fig. 1 with C/EBPa expression vectors encoding internal deletion mutants in the C/EBPa protein and the pAlbCAT reporter. The region most critical to activity (amino acids 70-96) is indicated above the wild-type protein. discrete amino acid segment that has a fimction within a TE.
To test the above model various fragments of the C/EBPa-coding sequence were fused to the yeast GAL4 DNA-binding domain (Fig. 4) . When tested for their ability to trans-activate a GAL-4-binding site-containing promoter (5xGAL4-ElB-TATA-CAT), it was found that individual TEs had low trans-activating activity and that all combinations of two TEs would cooperatively activate transcription, although quantitative differences were observed relative to their fimction on the albumin promoter. This confirmed that the TEs could cooperate with each other and that this property was not specific to the albumin promoter. We observed that TE-III had a negative regulatory function when fused to TE-I + TE-II and that TE-I + TE-II activated much better that TE-II + TE-III. This probably reflects the presence of the previously reported attenuator domain inside TE-III (Pei and Shih 1991) . We find that TE-III contains a negative regulatory domain, which, however, does not function in the context of the albumin promoter (Figure 7 , below; see Discussion), presumably accounting for the observed quantitative differences.
C/EBPa TE-II contains two separable trans-activation motifs
TE-II contains a sequence homologous to the c-Fos and c-Jun HOB2 motifs (underlined in Fig. 5A ), and it was proposed that this motif contributes to trans-activation by C/EBPa (Sutherland et al. 1992 ). We therefore introduced into the C/EBPa protein a mutation shown previously to inactivate the c-Fos HOB2 motif. However, the effect of mutating the HOB2 motif on the ability of C/EBPa to trans-activate the albumin promoter was slight compared with the significant effect of deleting the entire TE-II (Fig. 5B) , suggesting that additional motifs within TE-II were responsible for its activity or functioned redundantly with the HOB2 motif. 3' Deletion analysis implicated the RQQE sequence motif (amino acids 86-89; Fig. 5A ) in TE-II activity; however, in the wild-type C/EBPa background, point mutation of this sequence had little effect on trans-activation (Fig. 5B , mutant QE; data not shown). The above model for the tripartite structure of the C/EBPa trans-activation domain has practical implications for the detailed analysis of the individual TEs. Because removal of one TE will make the protein critically dependent on both the two remaining TEs, mutational analysis of a TE is greatly facilitated in such a deleted background, as a 10-to 50-fold effect of an inactivating mutation would be observed rather than the 2-to 3-fold effect observable in a wildtype background. This reasoning led us to analyze TE-II by introducing point mutations into the HOB2 motif and RQQE-containing sequence motif [designated CTM (C/ EBPa Trans-activation Motif)) in the Dl-70 background and assaying the trans-activating activity of the resulting proteins on the albumin promoter (Fig. 5B) . As can be seen, both motifs are required for full activity of TE-II. Mutation of the HOB2 motif leads to a two-to threefold reduction in activity; mutation of the CTM motif to an eightfold decrease in the TE-I-deleted background. When both motifs are mutated essentially no activity is observed, in agreement with the 5' deletion analysis ( Fig.   1 ). Thus, two independent trans-activation motifs exist within TE-II, both of which contribute to its activity. The HOB2 homology includes amino acids 73-81 of C/EBPa. We have mapped the carboxy-terminal border or the GAL4 DNA-binding domain fused to the three C/EBPa TEs along with a CAT reporter gene containing five GAL4 DNAbinding sites upstream of the ElB minimal promoter (pGsBCAT) and the pCMVGH internal control plasmid. The numbers in the construct names indicate the C/EBPa amino acids present. The trans-activation activity of the fusion proteins was measured as CAT activity relative to the pSG424 vector control. An estimate for the cooperativity between TEs was calculated as the ratio between the activity of the construct containing the TEs fused to each other and the sum of their activities when tested separately. of the CTM motif to amino acid 89 (C. Nerlov and E.B. Ziff, unpubl.); thus, barring overlap with the HOB2 motif, it is likely to be contained within amino acids 82-89. Together, these two motifs account for all of the activity of TE-II.
C/EBPa TE-III requires multiple amino acid segments for activity
No information was available to identify critical amino acids within TE-III. Therefore, a more detailed carboxyterminal deletion analysis of this element was performed (Fig. 6A) . As for TE-II the analysis was done in the Dl-70 background for increased sensitivity. When increasing amounts of sequence were deleted from the carboxy-terminal end of TE-III and the resulting proteins analyzed as above, it was found that most of the trans-activation activity was lost upon deletion of amino acids 181-191. This amino acid segment consists entirely of prolines and histidines. The remaining part of TE-III was not able to maintain trans-activating activity in this analysis. However, when a similar analysis was carried out using internal amino-terminal deletions of TE-III (Fig. 6B ) two amino acid segments amino-terminal to the proline/histidine-rich region, amino acids 126-155 and 169-180, were found to contribute to trans-activation. Deletion of amino acids 126-155 resulted in significant reduction of trans-activation (four-to fivefold), leaving ~I0% of the wild-type activity. Once both of these regions were deleted, essentially all activity was lost. Therefore, the proline/histidine-rich sequence (amino acids 181-191) did not suffice for TE-III activity in the absence of TE-I. These results showed that, similarly to TE-II, TE-III did not depend on a single amino acid motif for trans-activation. At least two, and possibly three, independent segments of TE-III contributed to its activity. Apart from the high proline/histidine content of amino acids 181-191, the only remarkable feature of the amino acid segments implicated in TE-III trans-activation function is a preponderance of aromatic amino acids, particularly tyrosine, relative to the rest of the C/EBPa protein.
A negative regulatory subdomain of TE-III mediates cooperative activation of the albumin promoter by C/EBPa
Another function of TE-III was revealed when the cooperative activation of the albumin promoter by C/EBPa was investigated. The trans-activation of the mouse albumin proximal promoter by C/EBPa in HepG2 cells is usually 100-to 300-fold. In contrast, a simple promoter, containing only a single copy of the albimiin promoter D site (the only high-affinity C/EBP-binding site in the proximal region of the albumin promoter and the critical site for activation by C/EBPa; Lichtsteiner et al. 1987; Friedman et al. 1989) , TATA box, and initiator element driving the luciferase reporter gene (hereafter called D site-TATA reporter) is typically activated 20-to 40-fold under the same conditions. On average, activation that is five to six times higher is observed with the complex promoter compared with the simple one. When wildtype C/EBPa and C/EBPa mutants individually deleted for the three TEs were tested in comparison on these two promoters, deletion of TE-I or TE-II was found to have similar relative effects on both promoters,-however, deletion of TE-III led to a twofold increase in the activity on the simple promoter while leading to the expected two-to threefold decrease in activity on the albumin promoter (Fig. 7A ). This indicated that in addition to the previously identified trdiis-activation function, a negative regulatory domain that functions on the simple promoter was contained within TE-III. To clarify this point, a 5' deletion mapping of TE-III was carried out in the wild-type C/EBPa background ( Fig. 7B ; to allow comparison of the two reporter constructs, activation is expressed here as fold increase relative to cells transfected with empty expression vector). This experiment showed that negative regulation of C/EBPa trans-activation was abolished by deletion of amino acids 126-155 (D126-155), leading to a fivefold increase in the activation of the D site-TATA promoter but no change in the activation of the albumin promoter. This mutant C/EBPa protein showed very similar activation of the albumin and D site-TATA promoters, clearly indicating that the higher activation of the albumin promoter by the wild-type C/EBPa protein could be explained, to a large extent, by alleviation of the function of this negative regulatory domain in the context of the albumin promoter. Further deletion of the rest of TE-III (D126-200) led to the expected decrease in activation of both promoters consistent with the remaining activation function of TE-III residing carboxy-terminal to the negative regulatory domain (amino acids .
The C/EBPa leucine zipper mediates cell type specificity of albumin promoter activation
The identification of distinct trans-activation elements within C/EBPa made it possible to test whether differential activity of any of these would explain the previous observation that C/EBPa trans-activated the albumin promoter much more efficiently in HepG2 cells than in the nonhepatic HeLa cell line (Williams et al. 1991) . We found that the stimulation was on average 10-to 15-fold in HeLa cells compared with 100-to 300-fold in HepG2 cells. However, deletion of TE-I, TE-II, or TE-UI in all cases led to similar relative effects on trans-activation as in HepG2 cells ( Fig. 8A ; cf. Fig. 3A) . Thus, inactivity of any particular TE could not explain the difference. Furthermore, when the activation of the D site-TATA-containing promoter by C/EBPa was assayed, similar activation was seen in the two cell lines (see below; Fig. 9A ).
It therefore seemed that the activity of the C/EBPa transcription factor as such or any of its trans-activation elements was not different between the two cell lines to an extent that could explain an ~ 15-fold higher activation of the albumin promoter in HepG2 cells. We had previously obtained evidence that a mutant in the nonhydrophobic face of the C/EBPa leucine zipper differentially affected trans-activation of the albumin promoter by C/EBPa in HeLa cells, suggesting a role for the zipper in determining cell type specificity. To further investigate this possibility a C/EBPa derivative in which the C/EBPa leucine zipper was substituted with the zipper from the yeast GCN4 protein was constructed (C/ EBPa-Gz; Fig. 9A ). When this mutant was assayed for its specific DNA-binding activity, a two-to threefold lower affinity for a C/EBP site was observed (Fig. 9C) . The C/EBPa-Gz was tested along with wild-type C/EBPa on the albumin and D site-TATA promoters in both cell lines (Fig. 9A) . It was observed that the C/EBPa-Gz protein had about two-to threefold lower t/ans-activating ability on the simple promoter in both cell lines, paralleling its lower DNA-binding ability (again the activation is expressed as fold above vector control). However, on the albumin promoter a slight increase in trans-activation was observed in HepG2 cells and a dramatic increase in HeLa cells. The C/EBPa-Gz protein was about equally active in trans-activation of the albumin promoter in the two cell lines: Of the ~ 15-fold difference between the activation potentials of the wild-type C/EBPa protein in the two cell lines, <1.5 fold remains for the C/EBPa-Gz protein (see HepG2/HeLa ratio in Fig. 9A ). When assayed on the D site-TATA promoter, neither protein displayed significant cell type specificity of activation. This result clearly showed that the C/EBPa leucine zipper is involved in determining the cell type specificity of albumin promoter tra72S-activation. That the effect was limited to the albumin promoter indicated that this specificity is attributable to a negative interaction between the zipper and other factors bound to this promoter, a negative effect that is particularly pronounced in HeLa cells. The GCN4 zipper does not appear to be subject to this negative regulation, allowing C/EBPa-Gz to function efficiently on the albu- 
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Figure 8. Effect of TE-I, TE-II, and TE-III deletion in HeLa cells.
[A] The activation of the albumin promoter by wild-type C/EBPa and C/EBPa mutants deleted for TE-I, TE-II, or TE-III was tested in HeLa cells. Cell were transfected as in Fig. 1 ; trans-activation was measured as CAT activity relative to wildtype C/EBPa (=1). Note that wild-type C/EBPa activation is only ~ 15-fold above vector control (e.g., cf. Figure 9 . Role of C/EBPa leucine zipper on the albumin promoter.
[A] The structure C/EBPa-Gz, C/EBPa-Gzaz, and C/EBPa-zGz proteins are shown compared with wild-type C/EBPa. The fold activation obtained with expression vectors for these proteins in HepG2 and HeLa cells, on both the albumin and D site-TATA promoters is shown as fold above vector control. For evaluation of the promoter and cell type specificity of the proteins the ratio between the values obtained in the two cell lines is shown for all activator/promoter combinations.
[B] Extracts of HeLa cells, either mock-transfected or transfected with expression vectors for the above C/EBPa derivatives, were subjected to Western blotting using the CI03 anti-C/EBPa antiserum and subsequent zipper (Far Western) blotting with a C/EBPa leucine zipper probe. (C) The C/EBPa and C/EBPa-Gz proteins were expressed in Cos7 cells, nuclear extracts (NEs) were prepared, and identical aliquots were subjected to parallel Western blot (with anti-C/EBP antiserum) and mobility shift (with C/EBP DNA-binding site probe) analysis (~1 mg/ml of protein; 2 \JA of mock NEs, 0.2 and 0.6 ^,1 of C/EBPa NEs, and 0.6 and 2 |xl of C/EBPa-Gz NEs (left to right); protein concentration was kept constant at 2 jig in all lanes with NEs from mock-transfected cells). The specificity of complex formation was verified by competition and antibody supershifting (data not shown). Further analysis showed that hybrids of the C/EBPa and GCN4 zippers, in v^hich either the tw^o first heptad repeats of the C/EBPa zipper (Gzaz mutant) or the region carboxy-terminal to these two repeats (azGz mutant) have been replaced by GCN4 sequences, also lost most or all of their cell type specificity (Fig. 9A) . When assayed by zipper blotting for their ability to interact with the wild-type C/EBPa zipper, the Gzaz mutant displayed dimerization properties similar to the wild-type C/EBPa protein, displaying an approximate twofold reduction in affinity, whereas the azGz and Gz mutants showed no binding at all (Fig. 9B) . Zipper blotting with two other C/EBP family members, C/EBPp and CHOPIO/C/EBP^, gave similar results (data not shown). This analysis therefore dissociates the loss of cell type specificity of the Gzaz mutant from its ability to dimerize with C/EBP family members.
Discussion
The tisins-activation domain of C/EBPa has a modular composition
Our analysis of the C/EBPa trans-activation domain defined three independent amino acid sequence elements that contribute to trans-activation. We have designated these elements TE-I through TE-III and located them between amino acids 1-70, 71-96, and 126-200, respectively. TE-n and TE-III correspond to regions that have been shovym previously to be involved in C/EBPa transactivation of the albumin promoter and were proposed to function as redundant trans-activation domains (Friedman and McKnight 1990) . Our results indicate that TE-II and TE-III do not function as independent trans-activation domains; rather they are both able to cooperate with TE-I to achieve this function. This is based on the observation that neither TE-II nor TE-III is able to activate the albumin promoter by itself when linked to the C/EBPa DNA-binding domain but does so efficiently in the presence of TE-I. Similarly, TE-II and TE-III can cooperate in the absence of TE-I (Figs. 1-3) . We do not believe that differences in stability, expression level, or nuclear localization of C/EBPa derivatives play any significant role in these experiments. By Western blotting and immunofluorescence analysis we observed that all C/EBPa mutants were localized to the nuclei of overexpressing cells, of both cell types analyzed, and were expressed at similar levels. Based on these experiments we estimate that the levels of C/EBPa in transfected HepG2 cells are two orders of magnitude greater than in untransfected cells, consistent with the > 100-fold stimulation of promoter activity that can be observed for the albumin promoter in this cell line. All of these observations are in concordance with results obtained previously (Friedman and McKnight 1990) . No endogenous C/EBPa is detectable in HeLa cells, which appear to contain mainly C/EBPp, as we find that all detectable C/EBP-binding activity in HeLa cell nuclear extracts can be supershifted by two independent anti-C/ EBPp antisera (C. Nerlov and E.B. Ziff, impubl) .
Analysis of fragments of C/EBPa fused to the GAL4 DNA-binding domain has indicated that amino acid sequences overlapping TE-I, TE-II, and TE-III could function as transcriptional activators in a heterologous reporter system (Pei and Shih 1991) ; however, in this previous study their importance for the activity of C/EBPa was not investigated. The investigators found that a region (amino acids 1-107) containing TE-1 and TE-II strongly activated transcription when fused to the GAL4 DNA-binding domain and that a region (amino acids 171-215) overlapping TE-lIl had weak trans-activating activity in this assay system. For the TE-III overlapping region, amino acids 171-189, which are contained within TE-III, were required for activity. We observe that TE-III has weak activity in the GAL4 fusion assay (16-fold stimulation) and that TE-I and TE-II, when combined, have very high activity (>30,000-fold stimulation). A similar observation was made by Friedman and McKnight (1990) using an albumin promoter-based reporter construct. Our results are thus consistent with those obtained previously. Furthermore, we demonstrate that strong (~ 1000-fold) stimulation can be obtained by fusing TE-III to the GAL4 DNA-binding domain in combination with either TE-I or TE-II, showing that all three TEs function similarly in this heterologous assay system and that their ability to cooperate is a general property of these elements and not one restricted to the albumin promoter.
Multiple amino acid motifs mediate the activity of C/EBPa tism.s-activation elements II and III
The TE-II of C/EBPa contains a homology to the H0B2 motif of c-Fos and c-Jun (C/EBPa amino acids 71-81; Sutherland et al. 1992) . The other motif found to contribute to the activity of TE-II (CTM motif; approximately amino acids 82-89) is situated in a region rich in basic amino acids and devoid of hydrophobic amino acids (Fig. 5A ). These two motifs appear to be independent of each other and to function redundantly in the wildtype C/EBPa background where mutation of either has little or no effect (Fig. 5B) . The importance of a particular motif is increased by inactivation of the other motif or TE-I, indicating functional redundancy also with the rest of the C/EBPa trans-activation domain. Analysis of TE-III led to the identification of an IIamino acid proline/histidine stretch (amino acids 181-191) as required for its activity (Fig. 7A) . Proline-rich domains involved in activation are found in a number of transcription factors, including CTF, AP-2, and the estrogen and progesterone receptors (Gronemeyer et al. 1987; Kumar et al. 1987; Williams et al. 1988; Mermod et al. 1989 ). However, these domains are usually extended regions containing 20-50% proline, whereas the C/EBPa segment is only 11 amino acids, 9 of these being prolines. This implicates the proline residues of C/EBPa more directly in transcriptional activation. Highly proline-rich amino acid motifs have been implicated in direct protein-protein interactions for SH3 domains involved in signal transduction (Ren et al. 1993) . It is interesting to note that the proline-rich domain of CTF, like that of C/EBPa, appears to require cooperation with additional domains for activity (Mermod et al. 1989) . In addition to the proline/histidine stretch, amino acids 126-155 and 169-180 were required for TE-III activity; these sequences have no remarkable structural features, except for an elevated content of tyrosine residues.
The main difference between the c-Fos/c-}un HOB motifs and the C/EBPa TEs seems to be that for both the C/EBPa TEs analyzed in detail it was observed that more than one amino acid motif was required for activity (Figs. 5B and 6A, B) , although this has not been definitely ruled out for c-Fos and c-Jun. Despite the presence of multiple motifs, however, the C/EBPa TEs had no ability to transactivate by themselves (Fig. 3) . For both TE-II and TE-III at least two distinct amino acid motifs contributed to activity. Our data thus suggest that at least in some cases, a hierachy can be established in which TEs are generated from one or more discrete trans-activation motifs and subsequently cooperate to generate active trans-activation domains. It is interesting to draw a parallel to the previously proposed model for generation of enhancer activity from enhansons, where those transcription factors that are capable of stimulating transcription from single sites (and therefore supposedly contain a fully functional transactivation domain) correspond to class D enhansons and those requiring multiple binding sites or, in addition, cooperation with other factors (possibly containing the equivalent of a TE or transactivation motif), to class C and A/B enhansons (Fromental et al. 1988; Ondek et al. 1988) . While speculative, this parallel provides a synthesis of the mechanisms for generation of active trans-activators and enhancers from inactive components. It also raises the possibility of trans-cooperation between TEs located on different proteins as a way of generating an active transactivation domain.
What does this tell us about the physical structure of the C/EBPa trans-activation domain? That any TE is dispensable for high C/EBPa activity argues against a trans-activation domain that is highly organized into a unitary structure; such a structure would presumably be highly dependent on the integrity of each of its subcomponents and be subject to considerable spatial constraints. The observed functional redundancy of the TEs, as well as the observation that single motifs can be eliminated from the wild-type background without significant effect, thus argues that the functional units for trans-activation are relatively small and that their cooperation is on a functional rather than structural basis. The data obtained from our analysis of C/EBPa are more compatible with a model in which such discrete motifs, embedded in a protein structure of relatively high plasticity, form multiple contacts with the target(s) for transcriptional activation (the "beads on a string" model). The strength of the individual interactions and their number would then combine to determine the strength of trans-activation. This would account for the high malleability of trans-activation domains, as well as their ability to function, even as segments, when fused to a heterologous DNA-binding domain.
1991) raises the possibility that they cooperate by mutual alleviation of these negative regulators.
A negative regulatory domain within TE-III mediates cooperative activation of the albumin promoter
By comparing the activation of the albumin promoter and a reporter gene carrying the D site from the albumin promoter in front of the albumin minimal promoter (D site-TATA reporter), w^e found that while wild-type C/EBPa activated the albumin promoter five to six times more efficiently than the D site-TATA construct, a C/EBPa mutant deleted for amino acids 126-155 showed essentially the same high activity on both (Fig. 7B) . This indicated that amino acids 126-155 contained a negative regulatory domain that was active primarily when C/EBPa was isolated from the cooperative environment of the albumin promoter. This negative regulatory domain overlapped with a trans-activation function, which, however, did not appear to be required for C/EBPa activity in the presence of both . Relief of the negative regulation exerted in the absence of the cooperative environment seems sufficient to account for the difference observed between the two promoters. We therefore propose that cooperative activation of the albumin promoter by C/EBPa is attributable not to cooperation between activation domains on factors bound to adjacent sites in the promoter but primarily to the ability of the cooperative environment of the albumin promoter to alleviate the activity of the TE-III negative regulatory domain. The observation that TE-III has a negative regulatory function active outside the cooperative environment of the albumin promoter may also explain the observation that it, in agreement with previous reports (Pei and Shih 1991) , negatively regulated TE-I-l-TE-II in the GAL4 fusion experiment using a 5xGAL4 site-TATA promoter (Fig. 4) . This situation is functionally equivalent to that on the D site-TATA reporter as also there no other factors are present. Two ubiquitous nuclear factors occupy the adjacent sites on the albumin promoter, NF-I (E site) and NF-Y (C site), and both are required for full activity of the promoter in vitro (Lichtsteiner et al. 1987) . Although it has not been determined whether any of these, or other factors on the promoter, are involved in the alleviation of negative regulation, the previous demonstration that NF-Y and C/EBP-like factors bound to this region of the albumin promoter can functionally cooperate in transcriptional activation (Milos and Zaret 1992) suggests that NF-Y may function in this manner. Members of the C/EBP family have been shown previously to cooperate with other factors in transcriptional activation. For example, both C/EBPa and NF-M (the chicken homolog of C/EBPp) will cooperate with Myb in activation of the mim-1 gene (Burk et al. 1993; Ness et al. 1993) . Although the mechanism behind this cooperation is not known, the fact that both C/EBPa and c-Myb have been shown to contain domains that negatively regulate their activity (this study; Sakura et al. 1989 ; Pei and Shih
The leucine zipper provides cell type specificity of albumin promoter activation by C/EBPa
Replacing the leucine zipper of C/EBPa with the GCN4 zipper created C/EBPa-Gz, a protein that was similarly efficient in activation of the albumin promoter in HeLa and HepG2 cells, whereas the wild-type C/EBPa protein is -15 times more active in HepG2 cells (Fig. 9A ). This was due to a much increased activation in HeLa cells, indicating that in this cell line the C/EBPa leucine zipper exerted a strong negative effect in the context of the albumin promoter; the C/EBPa-Gz protein seemingly escapes this negative effect. In HepG2 cells the C/EBPaGz protein has activity similar to wild-type C/EBPa, in agreement with previous reports (Friedman et al. 1989) . When assayed on the D site-TATA promoter the C/EBPa-Gz protein has similar activation potential in both cell lines, in both cases two-to three-fold lower than the wild-type C/EBPa protein, probably reflecting its somewhat decreased DNA-binding activity, arguing against the possibility that the GCN4 zipper provides an activating function specific for HeLa cells. It is, however, possible that the lower degree of activation observed in HeLa cells is attributable to a promoter-specific effect of heterodimerization with another C/EBP family member. This possibility is argued against by the observation that the C/EBPa-Gzaz mutant, which dimerizes with both C/EBPa, C/EBPp, and CHOPIO/C/EBP^ ( Fig. 9B ; data not shown), has lost most (>90%; Fig. 9A ) of its cell type specificity, primarily because of increased activity in HeLa cells. There is thus no evidence that the GCN4 zipper allows C/EBPa-Gz to escape an inhibitory dimerization partner only found in HeLa cells, such as CHOPIO/C/EBPC, or LIP/C/EBPp-3 (Descombes and Schibler 1991; Ron and Habener 1992) . Furthermore, zipper blots of transfected HeLa cells indicate that other C/EBP-interacting proteins are present in HeLa cell populations at levels at least an order of magnitude lower than that of the transfected C/EBPa proteins (Fig. 9B) . This assay will detect proteins of both the C/EBP and CREB/ATF family (Ron and Dressier 1992) . Because immunofluorescence analysis shows <10% of the HeLa cells to express C/EBPa we can conservatively estimate that homodimers of transfected proteins comprise >95% of all C/EBP dimers in an expressing HeLa cell, again indicating that the observed biological phenotypes reflect the properties of the various C/EBPa homodimers, as any inhibitory partners would most likely be titrated out. Taken together, these data demonstrate that the cell type specificity of albumin promoter activation by C/EBPa is determined, to a large extent, by the leucine zipper and indicate that this specificity is not related to the dimerization specificity of the zipper. Previous reports have shown that steric interference between C/EBP and NF-Y may take place (Lichtsteiner et al. 1987; Milos and Zaret 1992) and, therefore, could be involved in determining cell type specificity. In this case.
zipper residues both amino-and carboxy-terminal to leucine 324 would be required for the negative interference. The cell type specificity may be determined by the presence of different isoforms of NF-Y and/or NF-I in the two cell lines. It has been shown that both NF-I and NF-Y mRNA exist in different isoforms and splice variants with cell-type-specific distribution (Paonessa et al. 1988; Santoro et al. 1988; Li et al. 1992) .
Our results support the notion that in addition to mediating dimerization, leucine zippers participate in interactions with other proteins that determine the biological activity of transcription factors. In the case of C/EBPa, the leucine zipper, together with the negative regulatory domain in TE-III, restricts high activation mediated by C/EBPa to a natural target promoter (serum albumin) in the appropriate cell type (HepG2 hepatoma cells). The basis for the more pronounced inhibitory effect of the C/EBPa leucine zipper in HeLa cells is not yet clear, but based on the above argumentation we presently favor steric interference as the cause. Investigation of which forms of NF-I and NF-Y are present in HeLa and HepG2 cells, respectively, will likely provide further clues to the molecular basis of differential activation of the albumin promoter in the two cell lines.
Materials and methods
Plasmids, oligonucleotides, and DNA manipulations
Plasmids were maintained in bacterial strains MC1061/P3 (Invitrogen) for all pcDNAI (Invitrogen)-based CMV-driven expression vectors and XL-1 BLUE (Stratagene) for all other plasmids and M13 bacteriophage. Plasmid and phage replicative form DNA was prepared by alkaline lysis and purified on Qiagen columns according to the manufacturer's instructions. DNA cloning was performed by standard procedures (Sambrook et al. 1989) . C/EBPa cDNA was obtained from Steve McKnight (pMSV-C/EBP; Friedman et al. 1989) . Preparation of phage single-stranded DNA and site-directed and deletion mutagenesis were performed by using the Amersham mutagenesis kit according to the manufacturer's instructions or by PCR as described (Higuchi 1990) using Pfu polymerase (Stratagene) and appropriate DNA primers. Mutations were verified by DNA sequencing using a Sequenase 2.0 kit (U.S. Biochemical) and restriction analysis. Oligonucleotides were synthesized on an Applied Biosystems 381A DNA synthesizer and purified on 12-15% denaturing polyacrylamide gels.
C/EBPa 5' deletion mutants were preceded by methionine and alanine codons; internally deleted fragments were replaced by a Kpnl linker encoding glycine and threonine. The deletions are indicated by the amino-and carboxy-terminal amino acids that are deleted. All C/EBPa expression vectors are based on pcDNAI (Invitrogen).
Substitution of the C/EBPa leucine zipper with that of GCN4 was done by overlapping PCR using appropriate primers. The resulting construct, encoding C/EBPa-Gz, replaces amino acid residues 310-358 of C/EBPa with amino acids 253-281 of GCN4, as described previously (Agre et al. 1989) . Construction of C/EBPa/GCN4 hybrid zipper mutants was done in the same way. In C/EBPa-Gzaz GCN4, residues 253-267 replace C/EBPa residues 310-324. In C/EBPa-^zGz GCN4, residues 267-281 replace C/EBPa residues 324-358.
GAL4-C/EBPa fusions (pG4a series) were constructed by cloning PCR products generated using appropriate primers and templates into the pSG424 (Sadowski and Ptashne 1989) BamUl and Xbal sites. The reporter plasmids used were pAlb-CAT (Mueller et al. 1990 ) and pD-AlbMP-Luc. The latter was constructed by PCR amplifying the albumin minimal promoter (base pairs -50 to + 22) using the following primers, 5'-GCGCTCGAGGTTAT-TGGTTAAAGAAG-3' and 5'-GCGAAGCTTTAGTGGGGTT-GATAGG-3', and inserting the product into the luciferase vector pGL2-basic (Promega) using Hindlll and Xhol, generating pAlbMPLuc. An oligonucleotide containing the albumin promoter D site (5'-CGTATGATTTTGTAATGGGGTA annealed to 5'-CGCGTACCCCATTACAAAATCATACGGTAC) was then cloned into the Kpnl and Mlul sites, generating pD-AlbMPLuc.
The GAL4 binding site containing reporter pGgBCAT has been described previously (Lillie and Green 1989) . The pCM-VGH internal control plasmid was generated by cloning the BamHl-EcoRl fragment of pOGH (Selden et al. 1986 ) into pcDNAI.
Cell culture and transfection analysis
HeLa and HepG2 cell cultures were maintained in DMEM-h 10% PCS (GIBCO BRL) and transfected as described (Gorman 1985) . For reporter assay transfections, 7 jig of DNA (CAT and/or luciferase reporter at a total of 5 jxg, 2 jig C/EBPa expression vector and 0.01-0.1 fjig pCMVGH internal control plasmid) was used per 60-mm dish. For cells used in Western blotting analysis, 5-12 p,g of expression vector was used alone. Cells were transfected at -30% confluency, incubated with DNA for 16-18 hr, washed in DMEM, refed with fresh medium (DMEM-hl0% FCS), and harvested 48 hr later. Medium was analyzed for human growth hormone (hGH) by radioimmunoassay as described by the manufacturer (Nichols Institute, CA). Cells were harvested in 300 ^.1 of 0.1 M Tris-HCl at pH 7.5, and lysed by freezing in dry ice/ethanol and thawing in a water bath at room temperature (two cycles for analysis of CAT, five cycles for CAT-I-luciferase). Lysates were obtained by centrifugation (20 min/14,000 rpm at 4°C in an Eppendorf microcentrifuge). Luciferase activity was assayed using a Berthold Lumat LB9501 luminometer in 50 |xl of extract essentially as described (Martinez-Salas et al. 1989) , except that the final ATP concentration in the reaction buffer was 1 mM. CAT activity was assayed on 150 |xl of heat-treated (10 min at 70°C| extract by the two-phase scintillation assay (Neumaim et al. 1987) . The hGH level was used to normalize the CAT and luciferase activities, correcting for variations in transfection efficiency between dishes. Unless indicated otherwise normalization between experiments was done by setting the activity obtained with the wild-type C/EBPa protein equal to 1. At least 2 and generally 4-12 determinations were made for each reporter/activator combination.
Nuclear extract preparation and mobility shift assay
Cos 7 cells were maintained in DMEM-I-10% FCS and transfected as above using 5-10 p-g of DNA/90-mm dish or 30 |xg of DNA/150-mm dish. Forty-eight hours after transfection nuclear extracts were prepared as described (Dignam et al. 1983) , except that extracts were stored directly in buffer C, and protein concentrations were determined using the Bio-Rad assay. Mobility shift analysis was performed essentially as described (Nerlov et al. 1991 ) using a ^^P-labeled probe derived from the C/EBPa promoter containing a C/EBP binding site (5'-CCAAAGTTGAGAAATTTCTA-3' annealed to 5'-TAGAAA-
